We have previously reported that silica nanoparticles (SiNPs) of nominal size 50 nm (Si50) induce the pro-inflammatory cytokines CXCL8 and IL-6 in BEAS-2B cells, via mechanisms involving MAPK p38, TACE-mediated TGF-a release and the NF-jB pathway. In this study, we examined whether these findings are cell specific or might be extended to another epithelial lung cell model, HBEC3-KT, and also to SiNPs of a smaller size (nominal size of 10 nm; Si10). The TEM average size of Si10 and Si50 was 10.9 and 34.7 nm, respectively. The surface area (BET) of Si10 was three times higher than for Si50 per mass unit. With respect to hydrodynamic size (DLS), Si10 in exposure medium showed a higher z-average for the main peak than Si50, indicating more excessive agglomeration. Si10 strongly induced CXCL8 and IL-6, as assessed by ELISA and RT-PCR, and was markedly more potent than Si50, even when adjusted to equal surface area. Furthermore, Si10 was far more cytotoxic, measured as lactate dehydrogenase (LDH) release, than Si50 in both epithelial cell cultures. With respect to signalling pathways, Western analysis and experiments with and without inhibition of MAPK, TACE and NF-jB (synthetic inhibitors) revealed that p38-phosphorylation, TACE-mediated TGF-a release and NF-jB activation seem to be important triggering mechanisms for both Si50 and Si10 in the two different lung epithelial cell cultures. In conclusion, the identified signalling pathways are suggested to be important in inducing cytokine responses in different epithelial cell types and also for various sizes of silica nanoparticles.
Use of nanotechnology in making new materials with promising benefits for the consumers has increased rapidly worldwide. Although nanoparticles (NPs) and nanofibres have a lot of fascinating properties due to their small size, form or composition, the use of them simultaneously represents new challenges with respect to the potential to induce adverse health effects. Thus, it is of uttermost importance to avoid making NPs or nanomaterials (NMs) with acute or chronic healthdamaging properties. In these efforts, a better mechanistic understanding of how NPs exert their cytotoxic and proinflammatory effects is crucial. Our focus of research on particles and NPs is to better understand the relationship between size and structure, and their ability to interact with receptors and signalling pathways in the cells, ultimately leading to cytotoxicity and inflammation.
Non-crystalline (amorphous) silica particles of submicrosize and nanosize are produced in large amounts with a wide range of applications for industrial products and consumers, but also with potential medical applications. Although amorphous silica generally seems to be less toxic than their crystalline counterparts such as quartz, there may be a concern that nanosized non-crystalline silica particles can elicit harmful effects [1, 2] . Thus, due to the increased use of nanosized (amorphous) silica particles (SiNPs) with subsequent increased risk of exposure, it is important to clarify whether amorphous SiNPs may represent an acute or chronic health risk. Previously, many in vitro studies have shown that non-crystalline silica particles induce cytotoxic and inflammation-related effects and that SiNPs appear to be far more potent than submicrosized particles. This has been demonstrated in different cell types when exposure to similar mass is compared [3] [4] [5] [6] .
Inflammation is known to be involved in lung diseases, including asthma, chronic obstructive pulmonary disease (COPD) and fibrosis [7] [8] [9] . Ambient particle matter (PM), consisting of particles from the micro-to the ultrafine size area, as well as engineered nanoparticles, are known to interact with airway cells, including epithelial cells and macrophages, leading to release of pro-inflammatory cytokines [10, 11] . The inflammatory process involves many cytokines acting in a complex network, including the pro-inflammatory cytokines CXCL8 (IL-8) and IL-6. CXCL8 and IL-6 seem to play a central role in inflammatory processes induced by particle components [12] [13] [14] . CXCL8 has been associated with pulmonary oedema, mobilization and activation of neutrophils, as well as bronchoconstriction, and elevated levels are found in chronic obstructive pulmonary disease and severe asthma [9, 15, 16] . In addition, CXCL8 also has mitogenic, motogenic and angiogenic properties and may contribute to cancer development [17] . The pro-inflammatory cytokine IL-6, on the other hand, is known for promoting induction of acute-phase proteins. This pleiotropic cytokine also has regenerative and protective actions, and may be involved in regulation of the transition from acute to chronic inflammation and stimulation of T lymphocytes and B lymphocytes [18, 19] .
The induction of IL-6 and CXCL8 responses involves MAP kinases (MAPKs) and NF-jB signalling, but the relative importance of the different pathways varies, depending on the agent of exposure, cell type and cytokine studied [20] [21] [22] [23] [24] . Interestingly, different receptor/effector proteins, including the epidermal growth factor receptor (EGFR), have been implicated in mediating the pro-inflammatory responses (IL-6/CXCL8) to various agents [21, [25] [26] [27] [28] . The role of metalloproteases in EGFR transactivation has been under scrutiny. In particular, TNF-a-converting enzyme (TACE also named ADAM17) is known to be an important mediator in innate immunity by cleaving membrane-bound pro-TNF-a and also pro-forms of various EGFR ligands, including pro-TGF-a [26, 29] . In the previous study with 50 nm silica nanoparticle (Si50), our results indicate that the Si50-induced IL-6 and CXCL8 responses in BEAS-2B cells were regulated through combined activation of several pathways, including NF-jB and p38/TACE/TGF-a/EGFR signalling. The study identified critical, initial events in the triggering of pro-inflammatory responses by nanoparticles [21] .
The importance of the relatively large surface area of nanosized particles compared to larger-sized particles has previously received a lot of attention, showing an apparent linear relationship between cellular responses and increasing surface area. Thus, the greater potency of different nanosized particles (including polystyrene, SiO 2 , TiO 2 , MnO 2 , carbon black) compared to similar, but larger particles, tends to disappear in comparisons of equal surface areas, as shown both by in vitro and in vivo studies [30] [31] [32] [33] [34] [35] . However, studies with different quartz particles (nanoscale and fine quartz) by Warheit et al. [36] indicate that the toxicity of different particles is more dependent upon particle surface reactivity effects than particle size and surface area. In our previous study [6] , Si50 was compared with a larger particle of nominal size 500 nm (Si500) in bronchial epithelial lung cells (BEAS-2B). The association between surface area and cytokine responses was dependent on the exposure conditions.
A critical question in using in vitro models is whether the observed findings (cytotoxicity, pro-inflammatory responses, signalling pathways) are cell-specific, or might be extended to other cell models, thus being of greater general interest. Another question is whether smaller nanoparticles induce cytokine responses by similar mechanisms as larger ones. To address this, we examined the relative pro-inflammatory effects of SiNPs of 10 and 50 nm size (Si10 and Si50) in two different human bronchial epithelial cell lines (BEAS-2B and HBEC3-KT) and with focus on signalling mechanisms involved. Characterization of the nanoparticles and preparation of the particle solutions.
Methods

Chemicals
Evaluation of nanopowders' morphology and size. The morphology (structure, size and shape) of particles in suspensions was determined with a transmission electron microscope (TEM) JEM 1400 (Jeol, Tokyo, Japan). The suspensions were dropped on TEM copper nets with amorphous carbon substrate. All the measurements were conducted with a speeding voltage of 120 kV; cathode W was used as a source of electrons.
To measure particles surface area and examine element composition of the particles, the suspensions (particle concentration -25 mg/l) were centrifuged in Beckman centrifuge tubes (volume 1.9 ml) under the rate of 34,000 9 g during 25 min. at 17°C in Beckman Coulter 'Allegra 64R Centrifuge'. The supernatants were decanted manually. The concentrated suspensions were evaporated on chemically pure clock glass in a WizeVen Thermostat at 130 AE 4°C. Dried crystals of a substance were stored in chemically pure glass Petri dish at 26°C (room temperature).
Evaluation of nanoparticles surface area. The specific surface areas of dry powders were determined using the low-temperature adsorption of nitrogen (Brunauer, Emmett and Teller; BET) with the instrument (Quantachrome Nova 1200e) (USA). The accuracy of measurements was AE 0.01 m 2 /g.
Examination of chemical element composition. The element composition of the particles was examined with an X-ray Diffraction Analyzer INCA SDD X-MAX (Oxford instruments) placed on a scanning electron microscope JSM-6610LV (Jeol) with a maximum resolution of 3 nm. Before the survey, the carbon film was sputtered with thin layer on the nanopowder preliminarily applied to conductive tape. To analyse the element composition at least five different fields of the different particles were examined.
Preparation of particle solution and determination of hydrodynamic size (DLS). Stock solutions of the Si10 and Si50 particles were dispersed in sterile water (2.3 mg/ml) and sonicated for approximately 2 min. on ice (until specific ultrasound energy of 420 J was given to the nanoparticles). Bovine serum albumin (BSA, final concentration 0.15%) and phosphate-buffered saline (PBS, final dilution 19) were then added to the particle solution, according to the method by Bihari et al. [37] . This exposure stock solution had a final particle concentration of 2 mg/ml. The dynamic size measurements were performed at 37°C in the culture media used in the study, at a concentration of 100 lg/ml. Each particle solution was measured five times on a zeta-sizer NANO ZSP (Malvern Instruments Ltd, WR14 1XZ, UK). The results are presented as mean size distribution by intensity. When measuring DLS, the measurement material was set as silica, dispersant as media and the temperature as 37°C. The zetapotentials of 100 lg/ml Si10 and Si50 in water were measured by NANO ZSP using automatic voltage selection.
Cell culture and exposure conditions. BEAS-2B cells, a SV-40-transformed human bronchial epithelial cell line (European Collection of Cell Cultures, ECACC, Salisbury, UK) and HBEC3-KT cells (ATCC CRL-4051) were maintained in LHC-9 medium in collagen-coated flasks (PureCol TM ) in a humidified atmosphere at 37°C with 5% CO 2 , and with refreshment of medium every second day. Two days prior to exposure to Si10 and Si50, the cells were either plated onto collagen (pureColTM)-coated 10 cm culture dishes (1.2 mill cells per plate) in 10 ml LHC-9 medium or in 35 mm 6-well culture plates (300,000 cells per well) in 1.5 ml LHC-9 medium. Prior to exposure, the cells were cultured for 24 hr in serum-free DMEM/F12, 1:1 mixture of DMEM and Ham's F-12. The cells were exposed to Si10 or Si50 for 20 hr for the ELISA, and for 1-8 hr for the Western analysis. When investigating the TGF-a release, the cells were exposed from 1 to 6 hr, after the cells had been pre-treated 30 min. with anti-EGFR (neutralization EGFR antibody, 5 lg/ml). In selected experiments, the cells were pre-treated 1 hr prior to Si10/Si50 exposure with inhibitors of different signalling pathways: the p38 inhibitor SB202190 (2.5 lM), the JNK inhibitor SP600125 (5 lM), the NF-jB inhibitor PDT-p65 (30 lM), the EGFR inhibitor AG1478 (10 lM) and the TACE inhibitor TAPI-1 (5 lM).
Viability test. The cytotoxicity was estimated from the release of lactate dehydrogenase (LDH). The LDH concentration was measured in media after 20 hr of exposure and compared to maximal release (high control, cells exposed to 2% Triton X-100 in media for 10 min.). The measurements and calculations were performed according to the manufacturer.
Gene expression analysis of IL-6 and CXCL8. After exposure to the silica nanoparticles, cellular RNA was isolated from cells according to the supplier's recommendations, using PerfectPure, a RNA isolation kit. The cell lysates were analysed for IL-6 and CXCL8 mRNA by real-time PCR using the Applied Biosystems 7500 Real-Time PCR System, with pre-designed TaqMan Gene Expression Assays (b-actin Hs01060665_g1; IL-6, Hs00174131_m1; CXCL8, Hs00174103_m1) and TaqMan Universal PCR Master Mix. For these analyses, 1 lg total RNA was reverse transcribed to cDNA (using a High Capacity cDNA Archive Kit). After the cDNA synthesis, the cDNAs were diluted 1:20 in a solution of nuclease-free water, TaqMan Universal mastermix and TaqMan Gene Expression before performing the real-time PCR. The expression of each gene of interest (GOI) in each sample was normalized against housekeeping genes and expressed as fold change compared to the untreated control as calculated by the DDC t method:
Cytokine analysis of IL-6 and CXCL8. Cell culture media were collected and centrifuged at 300 9 g to remove cell debris and at 8000 9 g to remove floating silica particles. IL-6 and CXCL8 protein levels were determined by sandwich ELISA according to the manufacturer's guidelines. Absorbance was measured and quantified by a plate reader (TECAN Sunrise) equipped with a dedicated software (Magellan V 1.10).
Analysis of TGF-a release. The release of TGF-a was determined 1-6 hr after exposure to Si10 and Si50, after pre-treatment with a neutralizing anti-EGFR antibody. After exposure to the nanoparticles, media were collected and centrifuged at 300 9 g and 8000 9 g to remove cell debris and floating silica particles. The protein levels of TGF-a were determined by sandwich ELISA according to the manufacturer's guidelines.
Western analysis. The phosphorylations of MAPKs and p65 were investigated by Western analysis. After exposure to nanoparticles, the cell supernatants were removed and the cells were washed with icecold PBS before freezing. Frozen cells were then supplemented with lysis buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 2.4 mM sodium pyruvate, 1 mM sodium orthovanadate, 1 mM sodium fluoride, 21 mM leupeptin, 1.5 mM aprotenin, 15 mM pepstatin, 1 mM PMSF, 1% Triton X-100) and thawed on ice, before scraping and sonication of the lysates. The cell lysates were then centrifuged at 8000 9 g to remove any particles. The protein concentrations were determined using DC protein assay, and the cell lysates were diluted to a concentration of 1.25 mg/ml in a buffer containing glycerol (10%), mercaptoethanol (5%), SDS (2%) and bromophenol blue (0.01%). Protein (25-35 lg) from the cell lysates was then separated on a 10% SDS-PAGE acrylamide gel and blotted onto a nitrocellulose membrane. The membranes were further probed with antibody for p-JNK1/2 (T183/Y185), p-p38 (Thr180/ Tyr182), p-p65 (Ser536) in either 5% BSA or 3% skim milk prior to incubation with HRP-conjugated secondary antibodies and Super Signal West Dura. The development of chemiluminescence was detected and analysed by a gel documentation unit (Chemi-Doc, Image lab, Bio-Rad Laboratories Ltd, Hercules, CA, USA). Finally, to ensure equal protein concentration, the membranes were stripped using Re-blot stripping solution for 15 min. and reprobed with b-actin. The protein expression in each band was measured as mean intensity and normalized against b-actin. Furthermore, the expression as fold change was compared to the untreated control that was set to 100%.
Statistical analysis. Statistical analyses on cytokine release of 3-10 independent biological replicates were performed using two-way ANOVA with Dunnett's multiple comparisons test or by one-way ANOVA with Dunnett's multiple comparisons test. The statically calculation for the real-time PCR experiments was performed on the dC t values by two-way ANOVA with Sidak's multiple comparisons test. GraphPad Prism software (version 6.0 Inc., San Diego, CA, USA) was used in the analyses.
Results
Characterization of the nanoparticles. The NPs were characterized using dry powder in a water solution and in culture media. The TEM image analysis showed that the silica NPs with nominal sizes 10 and 50 nm had a size of 10.9 nm and 34.7 nm, respectively (table 1). The TEM images of Si10 and Si50 are presented in fig. 1 . Furthermore, a three times difference in surface area of Si10 and Si50 was observed based on the BET data (table 1) . However, the element composition of Si10 and Si50 seemed relatively similar. Furthermore, the zeta-potentials of Si10 and Si50 dispersed in water were similar, with À41.7 and À39.3 mV, respectively (table 1) .
The hydrodynamic sizes (DLS) of Si10-and Si50-NPs in the serum-free exposure medium DMEM/F12, measured both immediately after dispersion (0 hr) and after 2 hr, are presented in fig. 2 and table 2. The Si10-NPs showed polydispersity in media. Immediately after adding to the media, the particles agglomerated with a mean size of 259 nm, but also single particles with a mean size of 18 nm were observed. After 2 hr of incubation, the agglomeration of the Si10 particles was changed to three different populations, one with a mean size of 180 nm and another of 83 nm, the single particles seemed to have the mean size of 14 nm (table 2) . The Si50 seemed to be monodisperse in media with a z-average of 73 and 53 nm at 0 and 2 hr, respectively (table 2) . Thus, the agglomeration of the Si50 particles was relatively limited and they seemed to deviate slightly from the nominal size of 50 nm, but more from the measured TEM size.
Cytokine release after exposure to silica nanoparticles. Cytokine releases after exposure to increasing concentrations of Si10 and Si50 in two different epithelial bronchial cell cultures are shown in fig. 3 . Si10 gave a much higher release of IL-6 and CXCL8 in both BEAS-2B and HBEC3-KT than Si50 ( fig. 3A,B,D,E) . Both cytokines increased progressively and strongly up to 50 lg/ml Si10 in BEAS-2B, and subsequently levelled off. In the HBEC3-KT cells, the IL-6 release increased progressively upon exposure to 50 lg/ml Si10, but at 100 lg/ml the response was much lower. The CXCL8 release was maximal at 25 lg/ml and lower at higher Si10 concentrations. However, after exposure to Si50, the release of IL-6 and CXCL8 in both cell types increased progressively up to 200 lg/ml. Furthermore, the maximal IL-6 and CXCL8 levels were much lower in the HBEC3-KT cultures than in the BEAS-2B cultures. In contrast, the fold increase in both cytokines was higher in HBEC-KT than in BEAS-2B cells, due to the lower basal levels of IL-6 and CXCL8 in HBEC-KT than in BEAS-2B cells. The cytokine ratio for Si10 compared to Si50 exposure at 50 lg/ml was 70-200 times increase in HBEC-KT and 40-70 times increase in BEAS-2B. Notably, the cytokine responses were much more pronounced for Si10 than for Si50, even when adjusting for the three times difference in surface area (data not shown).
Both silica nanoparticles induced a concentration-dependent cytotoxicity in BEAS-2B and HBEC3-KT, with Si10 as most toxic ( fig. 3C,F) . This might explain the reduction in cytokine responses at the high SiNP concentrations. The cell viability was reduced approximately 50% after exposure for 50 lg/ml Si10 for 20 hr in both cell types and 10-25% after exposure to 200 lg/ml Si50. The ability of the NPs to induce necrosis was different between the two epithelial cell types. Si50 seemed more toxic compared to Si10 in BEAS-2B than in HBEC3-KT cells.
Gene expression of cytokines. In addition to investigating the release of IL-6 and CXCL8, the Si10-and Si50-induced gene expressions were also examined. Both silica nanoparticles induced a significant increase in IL-6 and CXCL8 gene expressions (fig. 4) . However, Si10 induced a much higher gene expression of IL-6 and CXCL8 than Si50 in both BEAS-2B and HBEC3-KT cells, even though the cells were exposed to a lower concentration of the Si10 (25 lg/ml) than Si50 (100 lg/ml). These differences in the applied concentrations of NPs exceeded the three times difference in the particle surface area. Notably, the Si10-induced cytokine (IL-6, CXCL8) gene expression increased progressively, from 1.5 to 8 hr ( fig. 4A,B) . Si50, on the other hand, gave the highest gene expression of IL-6 and CXCL8 around 1.5-3 hr. Si10 induced roughly similar CXCL8 gene expression in both cell types, but for IL-6 the increase in gene expression was much higher in the HBEC3-KT cells than in the BEAS-2B cells.
Involvement of MAPK in SiNP-induced cytokine responses.
Our previous study showed that the MAPKs p38 and JNK were phosphorylated after Si50 exposure, and further involved in the release of IL-6 and CXCL8 from BEAS-2B cells [21] . In fig. 5 , phosphorylation patterns of p-p38 (A) and JNK (B) after exposure to Si10 (25 lg/ml) and Si50 (100 lg/ml) in BEAS-2B cells from 1 to 8 hr are shown. At these concentrations, the surface area of Si50 slightly exceeded the surface area of Si10. The results showed that Si10, and to a lesser extent Si50, induced phosphorylation of p38. Thus, Si10 induced a p38-phosphorylation as early as 1 hr after exposure, and this increased phosphorylation remained elevated for 8 hr. In contrast, Si50 induced a weaker and slower increase in phosphorylation of p38, with a progressive increase up to 8 hr ( fig. 5A ). Both SiNPs also induced phosphorylation of JNK, with Si10 giving the most marked increases ( fig. 5B ) using doses of SiNPs with relative similar surface area.
Experiments with chemical inhibitors of the respective MAPKinases were performed in both BEAS-2B cells and HBEC3-KT cells. SB202190, an inhibitor of MAPK p38 significantly reduced the Si10-and Si50-induced IL-6 and CXCL8 in both cell types with 50-80% ( fig. 6 ). However, the effects of the JNK inhibitor, SP600125, were more complex. Thus, the JNK inhibitor significantly reduced Si10-induced IL-6 and CXCL8 in BEAS-2B cells by approximately 40% (fig. 6A,B) , but increased the cytokine release significantly in HBEC3-KT cells ( fig. 6F,G) . Furthermore, SP600125 did not significantly inhibit the cytokine release caused by Si50 in any of the cell types ( fig. 6C,D,H,I ). The MAPKinase inhibitors did not significantly affect the cell death induced by Si10 and Si50 ( fig. 6E,J) .
Involvement of NF-jB in SiNP-induced cytokine responses.
The transcription factor NF-KB has previously been suggested by us to be involved in Si50-induced release of cytokines from BEAS-2B. In fig. 5C , the phosphorylation patterns of NF-KB p65 after exposure to Si10 (25 lg/ml) and Si50 (100 lg/ml) are Si10 Si50 Fig. 1 . Morphology of non-crystalline monodisperse silica nanoparticles of 10 nm (Si10) and 50 nm (Si50) sizes. TEM micrographs of the particles using JEM 1400 (Jeol, Japan), scale bar: 50 nm. The particles were dispersed in DMEM:F12 culture media to a concentration of 100 lg/ml. The DLS/size distribution analyses were performed in a zeta-sizer. The analysis of the particles in media was performed immediately and after 2 hr and measured by intensity. Different populations of particles are identified, with mean diameter in nm and the area intensity in %.
presented. In contrast to p38-and JNK -phosphorylation, Si50 induced similar phosphorylation as Si10 at 1, 2 and 6 hr, but no p65 phosphorylation at 4 and 8 hr. Furthermore, at 8 hr, no p65 phosphorylation was observed for Si10 either. Thus, it seems that surface area might be a better determinant for NF-KB activation than for p38 and JNK activation. The involvement of NF-jB was also investigated in SiNPinduced cytokine responses in BEAS-2B and HBEC3-KT cells. The cells were pre-treated with PDT-p65, a p65 decoy agent, which inhibits binding of p65 protein to DNA. Treatment with PDT-p65 significantly reduced the Si10-and Si50-induced IL-6 release in both BEAS-2B and HBEC3-KT cells ( fig. 7A,C,F,H) , by approximately 75%. The release of CXCL8 was significantly reduced after exposure to Si10 in BEAS-2B cells ( fig. 7B ), but not in the HBEC3-KT cells ( fig. 7G ). In this cell type, PDT-p65 rather significantly increased the Si10-induced release of CXCL8. With respect to Si50-induced CXCL8, PDT-65 tended to decrease the responses in both cell types but to a minor degree and nonsignificantly ( fig. 7D,I ). These results suggest that NF-KB is more important for IL-6 than CXCL8 release.
With respect to cytotoxicity, the PDT-p65 significantly reduced the effect of Si10 in the HBEC3-KT cells ( fig. 7J ). For the BEAS-2B cells, PDT-p65 non-significantly reduced the Si50-induced cytotoxicity ( fig. 7E ). These modulations of the cytotoxicity might reduce the effectiveness of the PTD inhibitor on Si10-induced cytokine responses. In particular, the significant increase in PDT-p65 on Si10-induced CXCL8 in the HBEC3-KT cells is presumably due to this.
Involvement of TACE/TGF-a/EGFR pathway in SiNP-induced cytokine responses.
In our previous study with Si50 in BEAS-2B cells [21] , release of TGF-a, an EGFR ligand, was shown to contribute to IL-6 and CXCL8 release. In fig. 8 , TGF-a releases from BEAS-2B cells and HBEC3-KT cells after exposure to 25 lg/ ml of Si10 and 100 lg/ml of Si50 are presented. Both Si10 and Si50 increased the release of TGF-a, with significant responses after a period of 2-4 hr in the BEAS-2B cells, and after 4-6 hr in the HBEC3-KT cells. The involvement of TGF-a on the cytokine release was further studied using TAPI-1, a TACE inhibitor, which inhibits the cleavage of pro-TGF-a to TGF-a. In fig 9, the release of SiNP-induced IL-6 and CXCL8 in BEAS-2B and HBEC3-KT cells showed partial reductions in both cell types after pre-treatment with TAPI-1. TAPI-1 reduced the Si10-induced cytokine (IL-6, CXCL8) release significantly with 35-80% ( fig. 9A,B,F,G) , and greatest reductions in the HBEC3-KT cells ( fig. 9F,G) . With respect to Si50, the cytokine levels were reduced as much as 70-80% in the HBEC3-KT cells. However, in the BEAS-2B cells, IL-6 and CXCL8 responses seemed less affected (non-significant effects) after pre-treatment with TAPI-1 ( fig. 9C,D) . In comparison with TAPI-1, the broad EGFR inhibitor, AG1478, was even more potent in reducing Si10-and Si50-induced release of IL-6 and CXCL8. In the BEAS-2B cells, the SiNP-induced IL-6 and CXCL8 responses were decreased by approximately 60-70% ( fig. 9A-D) , whereas in the HBEC3-KT cells, the reduction was approximately 80-90% (Fig. 9F-I) . At the SiNP concentrations used, AG1478 significantly increased the cytotoxicity induced by SiNPs in BEAS-2B and HBEC3-KT cells ( fig. 9E,J) . However, TAPI-1 did not seem to affect the cytotoxicity.
Discussion
The present study shows that silica nanoparticles of 10 and 50 nm nominal sizes (Si10 and Si50) induced the cytokines, IL-6 and CXCL8, in both BEAS-2 B cells and HBEC3-KT . The cells were exposed to 25 lg/ml of Si10 and to 100 lg/ml of Si50 to, and the mRNA levels were measured by real-time PCR 1.5-8 hr after exposure to the SiNPs. The data represent the mean AE S.E.M. of three independent experiments, *significantly different from unexposed cells, # significantly different from Si50 exposed cells p < 0.05. The data were analysed on log-transformed dCT values by two-way ANOVA with Sidak's multiple comparisons test.
cells. This seems to be mainly mediated via p38MAP-kinase and NF-kB-linked mechanisms. Furthermore, TACE-dependent formation of TGF-a and subsequent activation of the EGF receptor also seem to be involved in the IL-6 and CXCL8 responses induced both by Si10 and Si50. Notably, the mechanisms were similar in both cell types. Furthermore, Si10 particles were markedly more potent than Si50 particles, also when adjusted to a similar surface area of the particles.
In previous studies, we have shown that Si50 induced the pro-inflammatory cytokines CXCL8 and IL-6, and cytotoxicity, in the human bronchial epithelial cell line BEAS-2B [6, 21] . The major message of the present study is that the findings are not restricted to the BEAS-2B cells and one particle size (Si50), but can be extended to other bronchial epithelial cell lines and also SiNPs of other sizes. The present study shows that two different SiNPs, Si10 and Si50, induced similar patterns of CXCL8 and IL-6 in the human bronchial cell line (HBEC3-KT) as the BEAS-2B cells, with Si10 markedly more potent than Si50. Furthermore, the difference in the potency of the SiNPs was of relatively similar order of magnitude in the two cell types. However, BEAS-2B cells showed much higher cytokine releases than HBEC3-KT cells, for both IL-6 and CXCL8. In contrast, the fold increase in IL-6 gene expression was much higher in HBEC3-KT than in BEAS-2B cells. The gene expression patterns of CXCL8 were more similar between the cell cultures. With regard to the cytotoxicity, the SiNPs exerted similar dose-response patterns. Both of these immortalized human bronchial epithelial cell cultures have been used in in vitro toxicology testing of lung damage. Therefore, an important question is which of these cell cultures have cell characteristics most similar to the primary bronchial cells and is the best model for the in vivo situation. The HBEC3-KT cell line is immortalized using Cdk4 and hTERT expression vectors without introducing viral oncoproteins and is reported to generate cell systems closer to their normal counterparts [38] . On the other hand, the BEAS-2B is transfected with SV40/adenovirus 12 hybrid and express SV40 T antigen. Furthermore, this cell line has limited CYP activity compared to primary bronchial epithelium cells [39] . Thus, these two bronchial cell lines seem to have some different characteristics. However, the pro-inflammatory responses and cytotoxicity induced by the two silica nanoparticles show similar patterns. Thus, both cell cultures seem to be useful for elucidating such responses of nanoparticles. The low basal level of IL-6 and CXCL8 in the HBEC3-KT cells might, however, suggest that this cell line is the best model for further studies. Furthermore, the SiNPs seem to exert their pro-inflammatory responses via the same signal transduction mechanisms in HBEC3-KT cells as in the BEAS-2B cells. We have previously shown that Si50 induced IL-6 and CXCL8 via a p38-linked mechanism that at least partially is mediated via TACE-mediated cleavage of pro-TGF-a to TGF-a, a ligand for the EGF receptor [21] . This means that the EGF receptor is indirectly activated upon Si50 exposure, subsequent to a wave of p38 activation and TGF-a release, and thus is early triggering events in the transduction pathways leading to SiNP-induced IL-6 and CXCL8 formation. These findings are supported by several studies showing that TACE-dependent mechanism via EGF receptor activation is triggered via p38-linked mechanism [40] [41] [42] . The present study suggests that almost similar mechanisms participate in the IL-6 and CXCL8 formation in HBEC3-KT cells upon SiNP exposure, and also that the nanoparticle of smaller size (10 nm) exert their effects via similar transduction pathways. This supports that involvement of these mechanisms is more general and operates in different epithelial cell cultures, at least of bronchial origin. Presumably, the ability to trigger pro-inflammatory responses depends on the potential to activate p38 and also the levels of TACE and EGF receptor in the respective cell types. Further identification of signalling mechanisms involved in triggering the pro-inflammatory process, including the role of ROS, scavenger and purinergic receptors are in progress in our laboratory, in addition to the role of IL-1a and IL-1b as potential Fig. 7 . Effect of NF-jB inhibition on cytokine release and viability in BEAS-2B (A-E) and HBEC3-KT (F-J) cells after exposure to silica nanoparticles. The cells were pre-treated for 1 hr with or without the pDT-p65 (30 lM) 1 hr before exposure Si10 (25 lg/ml) or Si50 (100 lg/ml). IL-6 and CXCL8 releases were measured by ELISA. The cytotoxicity was evaluated by lactate dehydrogenase (LDH) release. The data are presented as % of maximal response and represent the mean AE S.E.M. of 3-6 experiments. *Significantly different from unexposed cells, # significantly different from Si10/Si50-exposed cells, p < 0.05. The statistics were calculated by one-way ANOVA with Dunnett's multiple comparisons test. Log-transformed data were used for the HBEC3-KT cells. Fig. 8 . Effect of silica nanoparticles on TGF-a release in BEAS-2B (A) and HBEC3-KT (B) cells. The cells were exposed to Si10 (25 lg/ml) and to Si50 (100 lg/ml) for 1-6 hr. The TGF-a releases were measured by ELISA. The data are presented as pg/ml and represent the mean AE S.E.M. of 3-4 experiments. *Significantly different from unexposed cells. The statistics were calculated by one-way ANOVA with Dunnett's multiple comparisons test, log-transformed data. proximal signals. An important aspect is the universality of the signalling mechanism involved, at least for the epithelial cell lines. However, it remains to be examined to what extent the cell lines are representative for primary human epithelial lung cells with respect to mechanisms triggering SiNP-induced inflammation.
Of notice, the Si10 NPs were much more potent than the Si50 NPs with respect to cytotoxicity and cytokine formation, when compared on a mass basis, in both BEAS-2B cells and HBEC3-KT cells. When the data were recalculated based on an equal surface area of the NPs, the Si10 NPs still seemed more potent than the Si50. This does not support a linear relationship between the surface areas of SiNPs (Si10, Si50) of similar chemical composition and cellular responses. Previously, particle surface area has been considered to be a central metric when comparing the same particles of different sizes. This has been demonstrated for various particles (including silica, polystyrene, titanium dioxide, carbon black), in in vitro studies, using epithelial lung cells [30] [31] [32] 43, 44] , endothelial cells [4] and macrophages [30, 35] and in vivo studies [30, 31, 33, 34, 45, 46] . Thus, it tends to be a linear relationship between particle surface area and response, when comparing similar composition. We have also previously reported a deviation from such a linear relationship, when comparing similar silica particles of nominal size, 50 and 500 nm (Si50, Si500), when we adjusted for different surface areas [5, 6] . Thus, although surface area presumably is the crucial metric for cellular response, other parameters might be of importance for the outcome. In support of this, Napierska and coworkers [47] showed that the relationship between surface area and cytokine response patterns induced by different SiNPs was complex and depended on the type of cytokine and the cell model used. Furthermore, Rabolli and coworkers [48] , examining 17 monodisperse non-crystalline silica particles in different cell types, concluded that the in vitro cytotoxic activity is governed by a complex interplay of their physicochemical parameters, including the surface area; however, this varied markedly with the cell types. Recently, Breznan and coworkers [49] found that particle surface acidity seemed to be the most significant determinant for the overall biological activity of SiNPs. In extension of this, our previous study [6] showed that the choice of exposure medium could be crucial for the cytokine responses obtained upon exposure to silica particles of different sizes and that this is important for interpreting results reported from in vitro studies of NPs and other particulates. Therefore, in the present study, we used the same medium in the two different epithelial lung cell cultures. One interpretation of the results in our previous study with Si50 and Si500 was that the Fig. 9 . The involvement of TGF-a release and EGFR activation in cytokine release and viability in BEAS-2B (A-E) and HBEC3-KT cells (F-J) after exposure to silica nanoparticles. The cells were pre-treated for 1 hr with or without the TAPI-1 (5 lM) or AG1478 (10 lM) 1 hr before exposure to Si10 (25 lg/ml) or Si50 (100 lg/ml) for 20 hr. IL-6 and CXCL8 releases were measured by ELISA. The cytotoxicity was evaluated by lactate dehydrogenase (LDH) release. The data are presented as % of maximal response and represent the mean AE S.E.M. of three to six experiments. *Significantly different from unexposed cells, # significantly different from Si10/Si50-exposed cells, p < 0.05. The statistics were calculated by oneway ANOVA with Dunnett's multiple comparisons test. Log-transformed data were used. gravitation/sedimentation force could contribute to the magnitude and differences of cellular responses [6] , which is in accordance with results of Teeguarden and coworkers [50] . When comparing the relative toxicity of different NPs, it is important to know the characteristics of the NPs with regard to agglomeration, sedimentation and cellular delivery [51] . In the present study, the difference in responsiveness between Si10 and Si50 can possibly be influenced by a larger delivery of Si10 than Si50, due to a more marked agglomeration and sedimentation, although more complex relationships cannot be excluded. The finding that Si50 seems to be more cytotoxic than Si10 in the BEAS-2B cells, whereas the opposite is observed in HBEC3-KT cells, is difficult to explain based on differences in cellular delivery.
It should be noted that the impact of gravitation on NPinduced toxicity in submerged cell cultures does not necessarily apply to real-life exposure conditions when inhaled particles are deposited in the mucosal layer of the respiratory tract. However, it could be that agglomeration of insoluble NPs like Si10, as observed for the submerged cultures, is relevant for in vivo settings. Notably, it seems that nanomaterials of smaller nanosizes are more prone to agglomeration phenomena in submerged cell culture models than larger nanoparticles. In any case, even if the use of traditional submerged cell cultures may be questioned with respect to determining the relative magnitude of cellular responses, they are valuable in identifying critical mechanisms of effects.
In conclusion, the present study shows that the SiNPs of different nominal sizes (Si10, Si50) seem to induce qualitative similar cytokine responses (CXCL8/IL-6) in different human bronchial epithelial cell types (BEAS-2B, HBEC3-KT) via similar signalling pathways, involving MAPK p38, activation of TACE and the NF-jB pathway. Notably, the identified signalling pathways are suggested to be important in inducing cytokine responses in different lung epithelial cell types and for various sizes of nanoparticles. Furthermore, SiNPs of 10 nm nominal size (Si10) were much more potent than SiNPs of 50 nm (Si50) size, even after adjusted for surface area.
